R ECENT progress in the surgical treatment of mitral stenosis has renewed the interest in the hemodynamics of mitral disease.'-3 Roentgenologic, clinical and pathologic studies have shown that mitral disease leads to engorgement of the pulmonary circulation with anatomic changes in the pulmonary vascular bed. 4 output and the resistance in the pulmonary vascular bed is increased.7
This paper sets forth the physiologic findings obtained by cardiac catheterization in 18 patients suffering from mitral stenosis and in 11 patients suffering from mitral stenosis and insufficiency referred to hereafter as "mitral insufficiency." The chief alterations in pulmonary hemodynamics and cardiac function will be described and their significance discussed. Where possible, the data will be correlated with the clinical manifestations of the disease. Pre-and postoperative catheterization studies in 3 patients will be presented.
MATERIAL AND METHOD
Cardiac catheterization was performed in 29 patients with mitral valvular disease. The ages of these patients ranged from 16 to 50 years. Five were males and 24 were females. No patient at the time of catheterization had clinical evidence of valvular disease other than mitral. Criteria for the diagnosis of mitral stenosis or mitral insufficiency were taken from the recommendations of the New York Heart Association." Table 1 summarizes the clinical findings. Eleven patients who were classified as having "mitral insufficiency" had both a systolic murmur of moderate intensity at the apex and roentgenographic evidence of left ventricular enlargement. All 11 had fluoroscopic evidence of left auricular enlargement and 9 had right ventricular failure and auricular fibrilla-PHYSIOLOGIC STUDIES IN MITRAL VALVULAR DISEASE tion. Two (R. T. and C. C.) had episodes of acute pulmonary edema and 1 (C. C.) a history of hemoptysis. Three (F. P., B. Y. and C. C.) gave a history of systemic arterial embolism.
All 18 patients with mitral stenosis alone had characteristic apical diastolic murmurs. Ten had accentuated apical first sounds. Fifteen had fluoroscopic evidence of left auricular enlargement. Although 7 of the 18 patients had soft apical systolic murmurs, none had left ventricular enlargement. Five patients with mitral stenosis had right ventricular failure at the time of examination (J. C., F. J., R. R., M. C., M. H.). One (F. C.) developed failure two months, and another (F. M.) five weeks after examination. Seven (P. B., D. E., M. T., F. C., F. J., R. C., M. H.) had auricular fibrillation. Eight gave a history of definite episodes of acute pulmonary edema (J. C., M. T., F. C., S. R., R. S., W. W., R. R., M. H.), and 8 of hemoptysis (M. K., R. S., R. B., W. W., F. M., R. R., M. B., M. H.). Four 24 The pressure relationships within the pulmonary circulation are illustrated in tables 4 and 5. The mean pulmonary arterial pressure at rest was elevated in every patient of this series, averaging 43.9 mm. Hg, with a range of 24 to 66, in mitral stenosis, and 62.7 mm. mitral insufficiency in whom pressures were recorded during exercise (table 5) .
The correlation between pulmonary arterial pressure and cardiac output is illustrated in figure 3 adapted from Hickam and Cargill's paper.2' Normally, the capacity of the pulmonary vascular bed is so great that considerable changes in pulmonary flow can occur without any change in pulmonary artery pressure.20 Lagerl6f and Werko26 have shown that the contour of the pulmonary "capillary" pressure tracing in patients with mitral stenosis or insufficiency differs from that recorded in normal individuals by a sharp rise. Figure 4 illustrates that in some patients of this series pulmonary "capillary" tracings have a series of sharp peaks which are even more conspicuous during exercise. Since simultaneous electrocardiograms or arterial pressures were not recorded, it is not possible to state whether these peaks occurred during the phase of auricular or ventricular contraction.
DISCUSSION
Findings reported in this paper show that the cardiac output of patients with mitral stenosis and insufficiency is decreased. Exercise results in either a small increase or a decrease in the minute volume of circulation. It is probable that cardiac failure contributed to the fall in cardiac output during exercise. This assumption is substantiated by the finding that of the 8 patients in whom the cardiac output fell 4 had clinical evidence of heart failure. It has been shown by a series of investigators that in severe failure the resting cardiac output is the maximal output that can be maintained by the heart." 1' 22 This is in line with Starling's concept that on increasing the filling load of the heart a point is reached where increased filling causes no further rise in output. From then on, any further elevation in load causes a decline in cardiac output.'7
The decrease in cardiac output during rest and exercise is primarily the result of an increase in the arteriovenous oxygen difference (tables 2 and 3). This difference is particularly great in patients with mitral insufficiency (tables 2 and 3). During exercise the arteriovenous oxygen difference increases. The rise in A-V oxygen difference observed during exercise is proportionately greater than the increase in oxygen consumption ( figs. 1 and 2 ). It must be assumed that mechanical factors such as limitation of flow or regurgitation of blood are at least partially responsible for the increased oxygen difference. However, here again, myocardial failure may play a major part. indicate that, in the patients of this series, the pulmonary blood flow and hence the oxygen consumption fail to increase in a normal fashion.
The pulmonary artery pressure at rest was three times its resting level produces no change in the pulmonary artery pressure. 20 The elevation of the pulmonary artery pressure during exercise indicates some impediment to pulmonary flow induced by elevated or fixed resistance in the pulmonary vascular bed or at the mitral valve. This problem will be discussed in a subsequent paragraph. The pulmonary capillary pressure was elevated in all patients with mitral stenosis or insufficiency in whom it was recorded (tables 4 and 5) . This indicates an elevation of the left auricular and pulmonary vein pressures.12 25 It is probable that this is primarily the result of the valvular disease. Cardiac failure may also be a contributory factor in the elevation of pulmonary capillary pressures. The It is therefore possible that some of the physiologic manifestations result from myocardial failure as well as from mitral disease. Decreased cardiac output increased arteriovenous oxygen difference and elevated pulmonary artery and capillary pressures at rest can be manifestations of either mitral disease or mvocardial failure.2' 2 The disproportionate rise in pulmonary artery pressure with exercise as compared to the relatively small increase in cardiac output described above has also been observed in mvocardial failure alone. However, an elevation of the right auricular pressurel is usually evidence of right-sided failure. Thus, in all patients with mitral disease in whom the right auricular pressure w-as elevated, clinical signs of right-sided failure Were apparent.
Results to be described in a subsequent report demonstrate that the residual volume of blood in the right ventricle is increased to from two to six times its normal value in patients with a history of myocardial failure and mitral disease. Similar large volumes were found in patients with right-sided failure alone.2' It is not surprising, therefore, that the physiologic manifestations of myocardial failure and mitral disease show such a close similarity. The elevation of pulmonary vascular resistance found in the patients of this series suggests the presence of changes in the pulmonary vascular bed. The findings of Weiss and Parker and of Larrabee and his co-workers furnish the anatomic basis for this increased pulmonary vascular resistance.4 28 Weiss and Parker described thickening of the pulmonary arterioles mainly due to intimal changes. 4 Necrotizing arteriolitis was also observed. Additional findings included elongation and dilatation of pulmonary capillaries and thickening of the capillary basement membrane. These findings were confirmed by Larrabee and Parker who found additional changes in the media of pulmonary arterioles.18 They were of the opinion that vascular changes affecting the media might be reversed through Table 4 illustrates that the pulmonary vascular resistance fell in 2 and rose in 5 patients with mitral stenosis during exercise. In patients with mitral insufficiency vascular resistance fell in 2 and rose in an equal number (table 5) . These findings indicate that there may be variations in the response of the pulmonary vascular bed of patients with mitral disease and that in a few the pulmonary vascular bed has not lost its normal ability to respond to an increased cardiac output by a fall in vascular resistance.
Results obtained in 4 patients after operation at the mitral valve further substantiate these operation at the mitral valve while the intimal changes are irreversible. The question of reversibility of the vascular pathology in mitral stenosis is of importance. Surgical relief of the obstruction at the mitral valve decreases left auricular and pulmonary vein pressure.29 Thus, it lessens the danger of pulmonary edema. But if the anatomic changes in the pulmonary vascular bed are irreversible, the operation would have no effect on pulmonary artery and right ventricular systolic pressures. Therefore, the pressure energy of the right ventricle would remain unchanged. As a result the possibility of right-sided heart failure would persist.
Physiologic studies offer some clue in this direction. If the pulmonary vascular changes in the lung are not fixed, then an increase in pulmonary blood flow should lead to decrease in the pulmonary vascular resistance, and operations eliminating the obstruction at the mitral valve should have the same effect.
findings. Although the effect of valvulotomy on the hemodynamics of patients with mitral disease will be the subject of a subsequent paper, the effect of the operation on pulmonary vascular resistance will be briefly discussed at this point. It may be seen from table 6 that following valvulotomy the pulmonary vascular resistance falls in every instance. This fall is primarily the result of a decline in pulmonary artery pressure. As the pulmonary artery pressure falls, so does the work of the right right ventricle (table 6). These findings suggest that the anatomic changes in the pulmonary vascular bed existing in patients with mitral disease may be reversible through operation.
SUMMARY
Twenty-nine patients with mitral valvular disease have been studied by means of cardiac catheterization. Cardiac outputs, intracardiac, pulmonary arterial, and pulmonary capillary
